Abstract: This paper examines possible industrial applications of high manganese steel and the feasibility of its inoculation with a new ferroalloy, vanadium nitride. The abrasive and impact-abrasion surface wear experienced by castings has a classical pattern: microcutting-i.e., the deformation twinning of surface layers. Ferrovanadium nitride enhances the surface resistance of castings both as a cast and as thermally treated. A fine grain structure is formed in the surface layers, specifically layers in direct contact with abrasive particles. The deformation twins that are present at the solid solution grain boundaries tend to change their orientation and characteristics. The impact-abrasion wear also leads to hardened layer formation at the working surface due to deformation twinning. The carbides (nitrides) present in the surface wear do not produce any significant impact on the process of deformation twinning. As the wear line extends deeper into the casting surface, the carbides and nitrides are ripped out and cavities occur in the wearing zone. The wear is controlled by the solidification rate. Thus, at lower rates a hardened layer is formed, which accommodates adjacent areas with differing twin characteristics, such as orientation and spacing.
Introduction
High manganese cast steel (also known as Hadfield steel) is an austenitic alloy with high wear resistance. It is quite often used as a cast steel in the mining industry [1, 2] . Sand and metal molds are used for high manganese steel castings.
The structure of the as-cast Hadfield steel consists of austenite and excess carbides, which are responsible for enhanced ductility and wear resistance. In almost every case, the steel is subjected to quenching [3] . In the high manganese steel grade 110G13L, the pure austenitic structure is observed in the temperature range of 910 to 1392 • C. The Hadfield steel castings are only rarely subjected to machining as they are not easily workable due to the hardening effect that can occur during cutting and the resultant accelerated wear of the tool.
In Russia, the chemical composition of this steel is specified by the National Standard (abbreviation "GOST"), and the composition adopted abroad is quite similar [4] . The analysis of data on Hadfield steel available in the literature shows that the foreign producers of high manganese steel products can have differing views regarding the chemical composition of high manganese steel.
It is possible to make a significant change to the properties of high manganese steel by adding various elements [5] [6] [7] [8] [9] [10] [11] through the process of inoculation. The wear experienced by high manganese steel castings is governed by a combination of multiple factors, such as the chemical composition of the alloy, the qualitative and quantitative parameters of the microstructure, and the mechanical properties. The above factors are interrelated-for example, a change in the chemical composition changes the microstructure of the castings, resulting in changed mechanical properties and performance [12] [13] [14] . An important wear factor is a second phase, which precipitates during solidification and, following heat treatment, is present in the microstructure of high manganese steel. Moreover, depending on the chemical composition of the alloy and the casting temperatures, the precipitation of inclusions of carbides, nitrides, phosphide eutectic, and others is possible as the second phase, whereas the inclusions of one type can have different concentrations of chemical elements, which will define their properties, including wear resistance (in particular as a response to abrasive and impact-abrasion wear). In the case of steel primarily used as cast steel in the mining industry, the above process poses both an important and underexplored research area [15] [16] [17] [18] [19] . Thus, the objective of this study was to understand the surface wear experienced by high manganese steel castings inoculated with ferrovanadium nitride.
Materials and Methods
The experimental alloys were produced by the foundry laboratory of Nosov Magnitogorsk State Technical University in 60 kg and 2 kg induction furnaces with basic lining. The high manganese Hadfield steel for castings was produced using standard furnace charge and common ferroalloys (Table 1) . The experimental alloys were reduced with aluminum in the ladle. The SPECTROMAXx optical emission spectrometer (SPECTRO Analytical Instruments GmbH, Kleve, Germany) was used to analyze the chemical composition of the castings. Molds with different heat-retaining capacities were used for castings; the castings produced had different weights, which delivered specimens applicable for testing within a broad range of cooling temperatures. The specimens had a minimum size of 35 × 35 × 10 mm 3 and a maximum size of 50 × 50 × 50 mm 3 .
The metal temperatures were measured with a tungsten-rhenium thermocouple; results were recorded on an LA-50USB device (JSC "Rudnev-Sheeljaev", Moscow, Russia), which had 50 Hz per channel and was capable of recording to four channels at the same time.
The wear resistance of the alloys was analyzed in reference to GOST 23.208-79, "Test Method for Resistance to Wear by Rubbing the Specimen against Loose Abrasive Grit." The specimen was pressed with a force of 44.1 ± 0.25 N against a rubber roller rotating at 60 ± 2 RPM and moving abrasive particles across the surface of the specimen. Steel 45 was taken as a reference steel, and alundum with a grit size of 0.16 mm was used as an abradant (Figures 1 and 2 ). The wear resistance index was calculated using a simple formula; the specimens were weighed with an Acculab electronic scale with an accuracy of ±0.0001 g. The test was performed at least three times.
The testing machine used to study impact-abrasion resistance was designed to induce multiple collisions between a specimen and a counter-specimen, with a dosing unit feeding an abradant between the two specimens at the moment of collision.
The castings were heat treated in an electric resistance furnace Nakal (JSC "Nakal -Industrial furnaces", Moscow, Russia) equipped with an electronic module enabling stage heating. Heat treatment procedure: water quenching from 1100 • C. The specimens were kept in the furnace for 15 min from the moment the temperature in the working zone reached 1100 • C. As seen in Figure 1a , the testing machine used to study impact-abrasion resistance consisted of a sample holder (1) and a weight holder (2), which WERE used to control the impact velocity when sample (1) hit the wear bushing (3) of the anvil (4) with an inaccuracy not exceeding 2.5%. It also included a unit with changeable torsion bars (5), which limited the inaccuracy of the created impact energy to 2.5% at the minimum torsion angle of 15°, and a striker (6) with a given directional moment of inertia. A cam (7) created a given slope of the striker.
The grain size was analyzed and the quantitative analysis was performed using a Meiji optical microscope (MEIJI TECHNO CO., LTD, Saitama, Japan) with a Thixomet Pro software (ver. 1.0, Thixomet ltd., Russian) following the GOST 5639-82 standard. For microstructural characterization, the slices with polished surfaces were immersed in a 4% nitric acid and ethanol solution as an etching treatment.
For scanning electron microscopy, an electron microscope, JEOL JSM-6490 LV (JEOL, Ltd., Tokyo, Japan), was operated at an accelerating voltage of 20 kV. Transverse microsections, which are commonly used in light microscopy, were analyzed in a secondary electrons mode with ×30 to As seen in Figure 1a , the testing machine used to study impact-abrasion resistance consisted of a sample holder (1) and a weight holder (2), which WERE used to control the impact velocity when sample (1) hit the wear bushing (3) of the anvil (4) with an inaccuracy not exceeding 2.5%. It also included a unit with changeable torsion bars (5), which limited the inaccuracy of the created impact energy to 2.5% at the minimum torsion angle of 15°, and a striker (6) with a given directional moment of inertia. A cam (7) created a given slope of the striker.
For scanning electron microscopy, an electron microscope, JEOL JSM-6490 LV (JEOL, Ltd., Tokyo, Japan), was operated at an accelerating voltage of 20 kV. Transverse microsections, which are commonly used in light microscopy, were analyzed in a secondary electrons mode with ×30 to As seen in Figure 1a , the testing machine used to study impact-abrasion resistance consisted of a sample holder (1) and a weight holder (2), which WERE used to control the impact velocity when sample (1) hit the wear bushing (3) of the anvil (4) with an inaccuracy not exceeding 2.5%. It also included a unit with changeable torsion bars (5), which limited the inaccuracy of the created impact energy to 2.5% at the minimum torsion angle of 15 • , and a striker (6) with a given directional moment of inertia. A cam (7) created a given slope of the striker.
For scanning electron microscopy, an electron microscope, JEOL JSM-6490 LV (JEOL, Ltd., Tokyo, Japan), was operated at an accelerating voltage of 20 kV. Transverse microsections, which are commonly used in light microscopy, were analyzed in a secondary electrons mode with ×30 to ×50,000 magnification. The X-ray microanalysis was accomplished using an INCA (Oxford Instruments plc, Belfast, UK), Energy system, a special add-on to a scanning microscope JEOL JSM-6490 LV. The X-ray diffraction analysis was accomplished on a Shimadzu (SHIMADZU CORPORATION, Kyoto, Japan) XRD-7000 X-ray diffractometer with a chromium anode at 40 kV and 30 mA.
The dimensions of the deformation twins were analyzed using a NanoEducator (NT-MDT Spectrum Instruments Group, Moscow, Russia) scanning probe microscope with a resolution of 0.3 nm, in the X and Y axes, and that of 0.03 nm in the Z axis.
The microhardness testing was performed under the GOST 9450-60 standard with the help of a Buehler Mikromet (Buehler, An ITW Company, Lake Bluff, IL, USA) microhardness tester; this tester had a diamond pyramid indenter with a 136 • angle between opposite faces, and was subjected to a load of 200 g for 10 sec. The hardness of the specimens was tested with a EmcoTest M4C 075 G3 (EMCO-TEST Prüfmaschinen GmbH, Kellau, Austria) hardness tester, under the GOST 9450-60 standard.
The Hadfield cast steel was inoculated with ferrovanadium nitride in a furnace. The material was charged into the crucible as one charge. The furnace temperature during charging was between 1540 and 1560 • C. The vanadium recovery rate was at 67.5 to 71.8%. Table 2 shows the mold type and the specimen weight in relation to the Manganese steel cooling rates. 
Results
As part of the experimental study, the amount of the ferroalloy introduced in the melt was increased from 0.3 to 1.4% by weight. This was accompanied with a reduction in the nitrogen recovery rate from 95 to 50% (Figure 3) , irrespective of the cooling rate. The resultant castings were found to have the same nitrogen concentration, between 0.023% and 0.062%, even though the cooling regimes differed. 
Discussion
The wear mechanism followed a classical pattern: microcutting-i.e., the deformation twinning of surface layers. Figures 3-5 show boundaries in as-cast and heat-treated castings that are typical of deformation twins. The boundaries ran parallel to each other, changing their orientation in particular surface areas. The contact surface (the wear zone) formed a layer with a fine grain structure, which was an interlayer between the abradant and the layer of the alloy deformation twinning.
When nitrogen was used as an alloying element, the carbides (nitrides) present in the wear surface did not produce any significant impact on the deformation twinning processes. As the wear line extended deeper in the casting surface, the carbides and nitrides were ripped out and cavities occurred in the wearing zone (Figure 7) .
In the case of lower crystallization rates in the liquidus-solidus temperature ranges and precipitation of a proeutectoid constituent (4.5 and 1.0 • C/sec), the wear surface microstructure was different from the one observed in castings, which experienced higher rates of crystallization and cooling. However, the key differentiating feature was related to the extra layers that formed in microstructures, having deformation twins substantially different from those occurring in the adjacent layers ( Figure 6 
In the case of lower crystallization rates in the liquidus-solidus temperature ranges and precipitation of a proeutectoid constituent (4.5 and 1.0 °С/sec), the wear surface microstructure was different from the one observed in castings, which experienced higher rates of crystallization and cooling. However, the key differentiating feature was related to the extra layers that formed in microstructures, having deformation twins substantially different from those occurring in the adjacent layers ( Figure 6 ). As Figure 6 , Areas 1 and 2, demonstrate, microstructures can have layers where either the deformation twin boundaries change their orientation or the spacing changes between the boundaries. Whereas the surface layers, i.e., the layers that come in direct contact with the abradant, form fine grain structures (Figures 6 and 8) . The grain (block, fragment, and subgrain) size typically do not exceed 1 μm, although the grain size may change from 50 to 270 µ m, depending on the solidification rate. As Figure 6 , Areas 1 and 2, demonstrate, microstructures can have layers where either the deformation twin boundaries change their orientation or the spacing changes between the boundaries. Whereas the surface layers, i.e., the layers that come in direct contact with the abradant, form fine grain structures (Figures 6 and 8) . The grain (block, fragment, and subgrain) size typically do not exceed 1 µm, although the grain size may change from 50 to 270 µm, depending on the solidification rate.
When nitrogen was used as an alloying element, the carbides (nitrides) present in the wear surface did not produce any significant impact on the deformation twinning processes. As the wear line extended deeper in the casting surface, the carbides and nitrides were ripped out and cavities occurred in the wearing zone (Figure 7 ).
In the case of lower crystallization rates in the liquidus-solidus temperature ranges and precipitation of a proeutectoid constituent (4.5 and 1.0 °С/sec), the wear surface microstructure was different from the one observed in castings, which experienced higher rates of crystallization and cooling. However, the key differentiating feature was related to the extra layers that formed in microstructures, having deformation twins substantially different from those occurring in the adjacent layers ( Figure 6 ). As Figure 6 , Areas 1 and 2, demonstrate, microstructures can have layers where either the deformation twin boundaries change their orientation or the spacing changes between the boundaries. Whereas the surface layers, i.e., the layers that come in direct contact with the abradant, form fine grain structures (Figures 6 and 8) . The grain (block, fragment, and subgrain) size typically do not exceed 1 μm, although the grain size may change from 50 to 270 µ m, depending on the solidification rate. The deformation twins characteristics and changed orientation were observed at the solid solution grain boundaries (Figure 9 ). The deformation twins characteristics and changed orientation were observed at the solid solution grain boundaries (Figure 9 ). Impact-abrasion wear lead to the formation of hardened layers through deformation twinning, which occured in the working surface of both as-cast and heat-treated castings (Figure 4 ).
Conclusions
Following a series of laboratory experiments and tests performed on castings to analyze resistance to abrasive and impact-abrasion wear, it was established that ferrovanadium nitride can help enhance the surface wear resistance in both as-cast and heat-treated castings. Furthermore, it was established that the enhanced surface wear resistance was due to deformation twinning. A fine grain structure was formed in the area that came in contact with the abradant, with the predominant grain size not exceeding 1.0 μm and the twins changing their orientation at the grain boundaries. Lower cooling rates caused a hardened layer to form, which accommodated adjacent areas with differing twin parameters-i.e., orientation and spacing. Moreover, the carbides (nitrides) present in the wearing zone ripped out of their seats, leaving small cavities.
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